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SUMMARY

Performance sensitivities and interactions between gas turbine engine components
were examined analytically when changes were made to several significant component
performance and operating parameters. The gas turbine engine, a two- shaft configura-
tion called the Upgraded engine, was developed by the Chrysler Corporation under a
U.S. Department of Energy contract. The early Upgraded engines had a serious power
shortfall, and a cooperative effort was undertaken to remedy the problem. One aspect
of the corrective action program was an engine test at the NASA Lewis Research Center
of one of the early Upgraded engines. To provide additional support for that test the
engine was analytically modeled for use with a performance prediction computer code.
The code had the flexibility to permit the incorporation of details such as the turboma-
chinery maps and other actual test data relative to component performance. The per-
formance sensitivity was examined for changes to several operating and component per-
formance parameters. One change at a time was introduced, and the performance was
calculated and then compared to the reference performance. This comparison was
made at gas generator speeds from 50 (idle speed) to 100 percent. Sensitivities were
determined for changes in turbomachinery efficiency, compressor inlet temperature,
power turbine discharge temperature (which was actively controlled), regenerator ef-
fectiveness, regenerator pressure drop, and several gas flow and heat leaks.

As expected, the efficiency of the compressor and the turbines strongly affected
performance. Compressor efficiency, which had the strongest effect on system perfor-
mance, was closely followed by compressor-drive turbine and power turbine effi-
ciencies. Efficiency changes to either the compressor or compressor-drive turbine
efficiencies resulted in a shift in the operating point of the other two machines. For
constant shaft speeds and power turbine discharge temperature, increasing the com-
pressor efficiency resulted in reduced pressure ratio for the compressor-drive tur-
bine and increased pressure ratio for the power turbine. Changes to power turbine
“efficiency did not affect the operating point of the other two machines. A tabulation of
influence coefficients for several dependent variables is included for gas generator
speeds from 50 to 100 percent.



INTRODUCTION

The Upgraded gas turbine automotive engine development program was initiated by
the Environmental Protection Agency in 1972 with a multi-year contract to Chrysler
Corporation. The U.S. Department of Energy, after its formation, took over the pro-
gram and in 1977, while continuing direct funding, transferred the technical manage-
ment responsibility to the NASA Lewis Research Center Gas Turbine Project Office.

A power shortfall in the first engines resulted in an intense corrective action program.
Chrysler and its contractors undertook component redesign to correct the power defi-
ciency. Included in the corrective action program was some diagnostic testing. One
of the early Upgraded engines (serial no. 5-4) was tested at Lewis (ref. 1 and unpub-
lished Lewis data by Horvath, Ribble, Warren, and Wood). To support that test effort
a sensitivity analysis was done to determine the influence of the more important com-
ponent parameters. The performance of engine 5-4 was poor with peak measured
power of about 38. 8 kilowatts (52 hp) instead of the goal of 77. 6 kilowatts (104 hp). In-
itially the Lewis test engine encountered combustion instability at the higher gas gener-
ator speeds although no problems were encountered at 80-percent speed or less. The
performance figures reported herein are for engine 5-4, one of the early engines. For
engine 5-4, the maximum power attainable was about 50 percent of the design goal.
Corrective action by Chrysler has brought the current Upgraded engine power up to
about 87 percent of the design goal.

The Chrysler Upgraded engine (S/N 5-4), a two-shaft regenerated engine, was
modeled mathematically using a gas turbine engine performance computer code desig-
nated N.N, E. P. (Navy-NASA Engine Program). The N.N. E. P, version used was
specifically adapted to automotive gas turbine engine applications. With this code,
influence coefficients were determined for the effect of compressor efficiency,
compressor-drive turbine efficiency, power turbine efficiency, regenerator effective-
ness, regenerator pressure drop, parasitic power losses for the gas generator shaft
and power turbine shaft, various flow and heat leaks, compressor inlet temperature,

and power turbine discharge temperature.

SYMBOLS
A auxiliary and parasitic power losses
N rotational speed
P pressure

(Ap/p) pressure drop fraction




ql heat leak

l SFC specific fuel consumption
T temperature
X independent variable

y dependent variable

(u')l/d)a) flow leak fraction

/] component efficiency
Subscripts:

a air

a; air at station 1, fig. 1

c compressor

ct compressor-drive turbine

f fuel

GG gas generator shaft linking compressor with compressor-drive turbine
1 leak

pt power turbine

ref reference

reg regenerator

std standard or reference value

4—> 33 typical nomenclature for flow leaks; in this case, duct 4 to station 33 in fig. 1

ANALYTICAL MODEL AND COMPUTER CODE

— The information required to analytically model the Upgraded engine was obtained
from Chrysler Corporation and from tests at the NASA Lewis Research Center. The
compressor and turbine maps were obtained from cold flow tests conducted at Lewis.
The compressor map was obtained from a rig test of the actual Upgraded compressor
(ref. 2). Maps for the two Upgraded turbines were not available when the analysis was
originally conducted. However, the turbines for a larger but similar engine, the
Chrysler Baseline engine, had been tested at Lewis (refs. 3 and 4). The Chrysler
Baseline and Upgraded engines were both two-shaft engines with the power turbine
having variable nozzle vanes for control. The Chrysler Baseline engine was a 111, 8-




kilowatt (150-hp) engine, while the Chrysler Upgraded engine had a design goal of

75 kilowatts (100 hp). Because of the similarities between the two engines, the Base-
line turbine maps were scaled for the Upgraded sensitivity study. After the Upgraded
turbine maps from rig tests became available, sensitivity calculations were repeated
for the independent parameters which caused the map operating points of the turbo-
machinery to shift. Thus, the sensitivity calculations to determine the effect of com-
pressor efficiency, compressor-drive turbine efficiency, power turbine efficiency,
compressor inlet temperature, and controlled power turbine discharge temperature
were repeated using the Upgraded turbine maps. Calculations were not repeated for
the effect of heat leaks, flow leaks, regenerator effectiveness, regenerator pressure
drop, and parasitic losses. The original intent was to match design performance to the
original Chrysler performance goals at the rated power. But at that time engine 5-4 on
test at Lewis was unable to run at 100-percent gas generator speed because of combus-
tion instability. Therefore, the turbine map operating points at 80-percent gas gener-
ator speed and power turbine speed of 30 800 rpm were matched to actual test data for
engine 5-4. In addition to the compressor and turbine maps, data from the same tests
were used to estimate total pressure losses for the compressor diffuser and for the
ducting between the two turbines. Predictions by Chrysler were used for the reference
values for flow leakage magnitudes and their flow paths, heat leak magnitudes and flow
path, inlet duct total pressure recovery, combustion efficiency, combustor pressure
drop, regenerator effectiveness, regenerator pressure drop for both high and low pres-
sure sides, and parasitic power losses for the gas generator shaft and the power tur-
bine shaft.

The computer code used was a version of the N.N. E. P, (ref. 5), which had been
specifically adapted for ground transportation gas turbine engines. The code enables
modeling with a building block approach. Figure 1 shows a block diagram of the engine
component arrangement showing physical linkage components and gas flow paths. The
assumed leakage flow paths and leakage rates estimated by Chrysler (ref. 6) were used
for this analysis. The gas generator shaft links the compressor with the compressor-
drive turbine. The load on the gas generator shaft is not a mechanical component but
a means of introducing shaft bearing and windage parasitic losses. The power turbine
shaft shows only a turbine and a load which would be input power to a transmission after
parasitic losses were subtracted. The computer code permits specifying turbomachin-
ery maps, pressure drop fractions as a function of corrected flow, heat losses and flow
leak losses, parasitic losses for the shafts as a function of rotational speed, and com-
ponent efficiencies (such as combustion efficiency and regenerator effectiveness) as a
function of some applicable variable such as corrected flow. The mathematical model
was valid for steady- state operation only; transient operation was excluded.




DISCUSSION OF RESULTS

Sensitivities were determined at discrete operating points on the engine map shown
in figure 2. Sensitivities were evaluated primarily by examining influence coefficients.
The influence coefficient is the fractional change of the dependent variable divided by
the fractional change of the independent variable. In figure 2 the engine power is
plotted against the propshaft speed for a series of gas generator speeds from 50 to
100 percent of design. The propshaft speed is related to power turbine rotational speed
through a 14.89 gear reduction. For a given gas generator speed there is a power tur-
bine shaft speed where output power is maximum. The sensitivities were determined
at these optimum operating points (solid triangular symbols in fig. 2).

The sensitivities were determined for the entire list of independent variables using
the scaled Baseline turbine maps. When rig test maps for the Chrysler Upgraded tur-
bines became available they were incorporated in the analytical model. Subsequently,
calculations to determine sensitivity to the efficiency of the compressor, compressor-
drive turbine, and the power turbine were repeated. Sensitivities to compressor inlet
temperature and power turbine discharge temperature were also recalculated. Sen-
sitivities to all other independent parameters were determined only for the model con-
taining scaled Baseline turbine maps. For the turbomachinery efficiencies both sets
of influence coefficients are shown in the plots and in the appendix.

The shaft speeds for the gas generator and the power turbine were held constant
when determining these sensitivities. Also, the power turbine discharge temperature
was held constant by controlling the position of the power turbine nozzle vanes. The
power turbine nozzle control is the normal control mode for the actual engine and was
simulated for the analytical study. The independent variable delta was 1 percent for
the turbomachinery at the 80-percent speed match point. The appendix lists the magni-
tude for each independent variable.

Effect of Turbomachinery Efficiencies

Improving the efficiency of one of the turbomachines may affect the operating points
of the other two machines. A compressor efficiency improvement results in reduced
compressor work, and this then results in a reduced pressure ratio for the compressor
drive turbine. This in turn results in a higher pressure ratio for the power turbine.

The effect of compressor efficiency on the turbine operating point is shown in the turbine
maps of figure 3. The ordinate of the map is specific turbine work, and the abscissa

is the speed - mass flow parameter, which is simply the product of corrected speed and
corrected flow. The compressor map is not shown, but after rematching the compres-
sor pressure ratio was slightly higher and the air flow was slightly lower. The




compressor-drive turbine in response moved along a constant speed line to a lower
pressure ratio and slightly higher efficiency. The lower pressure ratio of the
compressor-drive turbine resulted in slightly higher temperature and pressure at the
inlet to the power turbine. Thus, a compressor efficiency increase moved the power
turbine operating point to a higher pressure ratio, slightly lower efficiency, and slight-
ly lower corrected speed.

For an increase in compressor-drive turbine efficiency the match points of all
three turbomachinery components were affected in a similar fashion. Compressor
pressure ratio and efficiency increased slightly, compressor- drive turbine pressure
ratio decreased, power turbine pressure ratio increased, and efficiency decreased.

The effect of increased power turbine efficiency was an exception. The operating
point of the compressor and compressor-drive turbine was shifted very little when the

power turbine efficiency increased.

Sensitivity to Compressor Efficiency

The effect of compressor efficiency on specific fuel consumption (SFC) and engine
net power is shown in figure 4 for a gas generator speed of 80 percent. The reference
compressor efficiency obtained from testing was 0. 741. The efficiency was reduced
to 0.733 for the low limit and increased in increments to a high of 0.805, which was
the Chrysler original design goal at 80-percent gas generator speed. The compressor
turbine and power turbine were treated as fixed components; this required that the
turbine operating points rematch in response to the compressor performance changes.
In figure 4, net engine power increased almost linearly with increases of compressor
efficiency. The slope of the line at 0.741 is related to the influence coefficient of com-
pressor efficiency on net engine power. The influence coefficient for power can be
thought of as the percent change in horsepower for each percent change in compressor
efficiency. The power and SFC influence coefficients at 80-percent speed are shown in
figure 5. The 80-percent speed is where the analytical results were matched to the
results from the Lewis test facility. The remaining points were influence coefficients
obtained at other off-design points at other gas generator speeds. Two sets of influence
coefficients are shown. The triangular symbols indicate that actual Upgraded turbo-
machinery maps were used in the analytical model, and circular symbols indicate that
scaled Baseline turbine maps were used. The influence coefficients are basically in
agreement from 70- to 90-percent gas generator speed. From 70 to 90 percent the
engine power changed about 2 percent for a 1-percent compressor efficiency change.
Below 70-percent and above 90-percent gas generator speed the sensitivity to compres-
sor efficiency improvement is greater. The model underpredicted the influence of




compressor efficiency at low and high gas generator speed when the scaled turbine
maps were used. With the Upgraded turbine maps in place, the power and SFC were
quite sensitive to compressor efficiency at low speed idle and high speed. In addition
to the influence coefficients of power and SFC shown in figure 5, the appendix tabulates
influence coefficients for all of the dependent variables to compressor efficiency
changes at several gas generator speeds. The appendix shows in detail how the pres-
sure ratio and efficiency of the turbomachines respond to the compressor efficiency
change. In addition, effects on fuel consumption, airflow, and several engine temper-
atures are shown. The use of the influence coefficients is also illustrated in the ap-
pendix.

Sensitivity to Efficiency of the Compressor-Drive Turbine

The effect of compressor-drive turbine efficiency on engine power and SFC at 80-
percent gas generator speed is shown in figure 6. The reference total efficiency was
0.745 as determined from tests. The efficiency range covered was from 0.737 to an
upper limit of 0.843. The engine power plotted against turbine efficiency (fig. 6) was
not linear as in the case of compressor efficiency. The sensitivity as seen from the
slope of the line was greater at the lower end of the efficiency range. The influence
coefficients for power and SFC at the reference efficiency of 0.745 are shown in figure 7
for 80-percent speed. For the 70- to 90-percent speed range, the increase in influence
coefficient for power was between 1. 9 and 2. 3 percent for each 1-percent increase in
compressor-drive turbine efficiency. Figure 7 includes the influence coefficients at
other speeds as determined from off-design calculations. Again two sets of influence
coefficients are shown with the set marked Upgraded turbine maps being preferred.
The two sets are in basic agreement between the 70- and 90-percent gas generator
speeds. The sensitivity to compressor-drive turbine efficiency is greater .at the low
and high ends of the gas generator speed range. At 50-percent speed the power in-
creased more than 8 percent for each percent improvement of turbine efficiency. In-
fluence coefficients for SFC are shown in the upper part of figure 7. The SFC is re-
duced about 1.75 percent for each percent increase in compressor-drive turbine effi-
ciency. The appendix shows for 80-percent speed that the compressor operating point
has changed to a slightly higher compressor pressure ratio, slightly higher compressor
efficiency, and lower airflow. The improved compressor-drive turbine efficiency
meant that required turbine work could be obtained with a pressure ratio lowered by
0. 6 percent for a 1-percent improvement in compressor-drive turbine efficiency. The
decrease in compressor-drive turbine pressure ratio resulted in a higher pressure to
the power turbine. The 1-percent compressor-drive turbine efficiency improvement




resulted in a 0.7-percent increase in the power turbine pressure ratio with power tur-
bine efficiency 0.9 percent lower. However, the net result was an increase in power of
1.9 percent. The magnitude of the influence coefficient for power indicates a sensitiv-
ity to compressor-drive turbine efficiency about the same as sensitivity to compressor

efficiency.

Sensitivity to Power Turbine Efficiency

The effect of power turbine efficiency on engine power and SFC is plotted in figure 8.
The range of power turbine total efficiency covered was 0.651 to 0.755. The reference
total efficiency at 80-percent gas generator speed was 0. 661 (rated from stator inlet to
diffuser outlet). The power changed approximately linearly with power turbine effi-
ciency. The SFC variation is not linear, being slightly more sensitive to power turbine
efficiency at the lower end of the efficiency range. Two sets of influence coefficients
are shown in figure 9 for the effect of power turbine efficiency on power and SFC. The
preferred set used the Upgraded turbine maps in the analytical model. From 70- to
90-percent gas generator speed the power increased by 1 to 1.2 percent for a 1-percent
improvement in power turbine efficiency. At a gas generator speed below 70 percent,
the power influence coefficient is greater, reaching almost 2 at 50-percent speed. The
coefficient for SFC is shown in the upper half of figure 9 and amounts roughly to 0.8- to
1-percent reduction in SFC for each 1-percent improvement in power turbine efficiency.

Changing the power turbine efficiency does not significantly affect the compressor
or compressor-drive turbine operating points. Pressure ratios and efficiencies of both
the compressor and compressor-drive turbine were essentially unchanged. For a 1-
percent improvement in power turbine efficiency, the power increased about 1 to 1. 2
1.2 percent, which is smaller effect than that caused by changes to either the com-
pressor or compressor-drive turbine efficiencies. The compressor efficiency affected
power to about 2 percent, while the compressor-drive turbine affected power to about
1.8 percent. Therefore, of the three turbomachinery components, the engine perfor-
mance was most sensitive to compressor efficiency and least sensitive to the power
turbine efficiency. Changes in compressor-drive turbine and compressor efficiency
affected the operating point of the other two machines. When the power turbine effi-
ciency was changed, the effect on the compressor and compressor-drive operating

points was insignificant.




Effect of Regenerator Effectiveness

The level of the regenerative effectiveness strongly affected engine SFC but had
essentially no effect on engine power (fig. 10). The reference regenerator effective-
ness was 0.876 for 80-percent gas generator speed. The reference effectiveness deter-
mined from the Lewis thermocouple test data was based on the calculated heat trans-
ferred to the low pressure side of the regenerator. Regenerator effectiveness varied
from 0.867 to 0.928. The 0. 928 effectiveness was the Chrysler goal at 80-percent gas
generator speed. Figure 10 shows that power is not sensitive to regenerator effective-
ness. Over the entire range of effectiveness covered, the power varied only 0.2 horse-
power. However, the effect on SFC (fig. 10) is significant. The SFC decreased linear-
ly as regenerator effectiveness was increased. The influence coefficients for power
and SFC are plotted in figure 11 for 50- to 100-percent speed. The influence coefficient
for power again shows insensitivity to regenerator effectiveness variations. The SFC
influence coefficients, however, show a significant sensitivity to regenerator effective-
ness; the sensitivity increased at lower speeds where the regenerator heat load was
lighter. The SFC influence coefficient at the reference effectiveness (80-percent speed)
was 1.75. A l-percent increase in regenerator effectiveness would thus reduce the SFC
by 1.75 percent. A 100-percent speed the SFC reduction would be slightly more than
1 percent; at 50-percent speed it would increase to a 4-percent improvement. To re-
iterate, a 1-percent improvement in regenerator effectiveness from the reference level
of 0.876, accomplished for example by an increase in the size of the core matrix,
would lower the SFC by 1.75 percent. At 50-percent gas generator speed the engine
with that new regenerator would then provide an SFC advantage of 4 percent over the
engine with the original regenerator.

Effect of Regenerator Pressure Drop

In the regenerator, which is a rotating matrix periodic-flow heat exchanger, the
gas flows from both the high- and low-pressure sides and passes through the same
rotating disk flow passages. On the low-pressure side the volumetric flow is highest
and pressure drop highest. Figure 12 shows the sensitivity of output power and SFC
to the regenerator pressure drop fraction at gas generator speeds from 50 to 100 per-
cent. The normal pressure drop fractions for both the high- and low-pressure sides
are listed for each speed in the figure. In figure 12 the reference normalized pressure
ratio is located at the abscissa value of 1. The pressure drop fraction was varied from
zero to three times the reference pressure drop fraction, except at 100 percent. As
the pressure drop was varied, the ratio of high-side to low-side pressure drop was
held at the same value as it was for the reference case. Regenerator pressure drop



affects engine power by reducing the pressure drop that can be taken across the power
turbine. The influence coefficients for the power and SFC are shown in figure 13.

From 60- to 95-percent gas generator speed the power increased about 0.16 percent for
each 1-percent réduction of the pressure drop fraction. For the 60- to 95-percent
speed the SFC was reduced by 0. 13 percent for each 1-percent reduction in pressure

drop fraction.

Sensitivity to Flow Leaks

Any flow leak tends to degrade engine performance. Flow leak paths and mass flow
for each leak were estimated by Chrysler for the initial design. These estimates were
made at 50-, 60-, 70-, 80-, 90-, 95-, and 100-percent gas generator speed. The
exact bleeds and leakage paths were used as reference values for the analytical model.
Sensitivity was investigated at only 60-, 80-, and 90-percent gas generator- speeds.

The block diagram of the engine components (fig. 1) shows the leakage paths. For the
sensitivity check, each leakage flow was varied from zero to a value greater than
Chrysler's estimate. Power decreased and SFC increased as flow leakage increased.
The appendix lists tabulated influence coefficients at the three gas generator speeds
where flow leak sensitivity was checked. The notation 4 ~ 33 indicates leakage from
duct 4 to station 33 in figure 1. The leakage paths can be categorized as leaks from

the high-pressure side that do not pass through either turbine, leaks that pass through
one turbine but bypass the other, and leaks that pass through both turbines. Variation
of engine power for a variation of bleed fraction from 0 to 0.01 is shown in figure 14

for all nine leakage paths. The bleed fraction is the ratio of flow leak to total flow at
that location. The reference values for each leak are shown. Figure 14 shows the
power variation to be linear with bleed fraction changes. Flow leaks bypassing both
turbines exit from ducts 4, 5, 8, and 12. Leaks along these paths had the most signifi-
cant effect, as noted from their steep slopes in figure 14. The leaks least affecting
power were from ducts 6 and 7 of figure 1; since these leaks were to points upstream of
both turbines, the leakage flow still passes through both turbines. The leakage flows
from ducts 13 and 18 bypassed the compressor-drive turbine, while the leak from duct
30 bypassed the power turbine. The sensitivity to these flows was intermediate between
the other two extremes. All nine leaks have a detrimental effect on SFC (fig. 15). The
tabulation of the influence coefficients in the appendix shows that the flow leaks by-
passing both turbines have about the same effect on power. At 80-percent gas generator
speed the power influence coefficient was about 0. 03 for leakage flows 4, 5, 8, and 12.
These same flow leaks all affected SFC adversely but to differing degrees. Leak 5— 32
had the greatest effect on SFC. This leak was from the regenerator inlet on the high-
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pressure side to the regenerator inlet on the low-pressure side. The next most sensi-
tive leak (4 — 33) was the leak across the regenerator disk seal from the regenerator
high-pressure inlet side to the regenerator low-pressure discharge side.

Sensitivity to Heat Leaks

Heat leakage paths and the magnitude of each leak were also estimated by Chrysler
at the initial design stage for gas generator speeds from 50 to 100 percent. The
Chrysler estimates were used as reference values. Heat losses affected system perfor-
mance in much the same way that regenerator effectiveness did; the engine power was
practically unaffected, and the SFC was adversely affected. The heat losses are of two
types, losses leaving the engine to the surrounding environment and heat transferred
from engine hot sections back to cooler sections. In figure 16 the effects of the heat
leaks are shown for 60-, 80-, and 90-percent gas generator speed. The component
from which the heat is transferred is indicated by a number corresponding to a com-
ponent in figure 1. The figure also shows the heat leakage paths. The reference heat
flow is marked with a symbol on the line. The net heat flow for each component was
used. In the case of heat leak 7 in figure 16 for 80-percent speed, the heat flow is a
heat addition to the compressor discharge duct; this flow results from heat leaking
back along three different paths and exceeds the heat loss from the diffuser scroll to
ambient. Thus, at 80-percent speed and lower, there is a net heat input at 7. At 90-
percent speed and above, the balance is such that there is a net heat loss from 7. Var-
iations about the Chrysler reference magnitude were made for all five composite heat
leaks, and the effect on SFC is shown in figure 16. The effects of heat transferred from
11, 15, and 22 were greatest, and the effect of 18 only slightly less as determined from
the slopes. The SFC effect from variations to heat leak 7 were much less significant.
The trends were consistent for all gas generator speeds. The heat leaks did not effect
engine power except for one leak, 18, which appeared to cause an unexpected trend until
the reasons for it were examined. First, it must be remembered that the scale on the
ordinate of the power against heat flow plot is greatly expanded. The heat leak in
question is a loss from the interturbine duct. The unanticipated trend of increased en-
gine power with increased heat leak is due solely to the method of controlling tempera-
ture with the variable power turbine nozzle. The controlled temperature was the power
turbine discharge temperature. In order to maintain a constant power turbine discharge
temperature as the interturbine duct heat loss increased, burner outlet temperature
had to increase. More fuel was required in the combustor to provide the higher peak
cycle temperature. Thus, as heat losses from the interturbine duct increased, the
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engine control method resulted in higher peak cycle temperature. Had the control
method been different, for example, if the compressor-drive turbine inlet temperature
had been controlled and had allowed the turbine discharge temperature to vary, the
trend would have been just the opposite. The Chrysler method of controlling power-
turbine discharge temperature was to keep the regenerator hot spot temperature below
some prudent limit. Tabulated values for influence coefficients of the heat leaks con-
sidered are shown in the appendix.

Sensitivity to Shaft Parasitic Losses

Sensitivity of engine power to the parasitic losses of the gas generator shaft and to
the power turbine shaft was considered by varying these losses independently from zero
to the reference value shown in the appendix. Parasitic losses have a strong effect on
both power and SFC. Reducing parasitic power results in an increase in engine power
without any fuel rate increase or it results in a direct fuel saving for the same power.
For the power turbine shaft a decrease of 1-kilowatt parasitic loss resulted in a 1-
kilowatt increase in engine power. The influence coefficients for power and SFC are
shown in figure 17. The magnitude of the influence coefficients indicates that the engine
performance is more sensitive to power turbine parasitic losses than to gas generator
shaft losses. The SFC changes reflect engine power changes with essentially no change
in actual fuel consumption. For the same power, fuel consumption would be reduced.

Sensitivity to Compressor Inlet Temperature

The compressor inlet temperature has a significant effect on engine performance.
For sensitivity calculations the power turbine discharge temperature and both shaft
speeds were held constant as compressor inlet temperature variations were made.
Reducing compressor inlet temperature resulted in a higher compressor pressure ratio
and increased air mass flow. After the compressor drive turbine had rematched, its
pressure ratio was slightly decreased but the turbine inlet temperature was higher.
Since compressor pressure ratio was higher with a slightly lower compressor-drive
turbine pressure ratio, it follows that the power turbine pressure ratio increased.
This resulted in a 4. 5-percent increase in engine power for a 1-percent decrease in
compressor inlet temperature in the gas generator speed range from 70 to 90 percent.
Below 70 percent and above 90 percent the magnitude of the influence coefficient for
power and SFC were considerably higher. Again the analytical model predicted poor
high- speed performance with high sensitivity to any operating condition improvement

such asreduced compressor inlet temperature.
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Sensitivity to Power Turbine Discharge Temperature

The power turbine discharge temperature is actively controlled by means of a vari-
able turbine nozzle. The power turbine nozzle could have also been used to control the
peak turbine inlet temperature of the compressor drive turbine, however, controlling
the power turbine discharge temperature prevented excessive regenerator peak tem-
peratures. Variations of power turbine discharge temperature (T20 of fig. 1) were
made while compressor inlet temperature and both shaft speeds were held constant. As
changes in Ty, Were made, the compressor-drive turbine inlet temperature followed in
the same direction. The compressor operating point was essentially unchanged with
only a slight decrease in pressure ratio. When power turbine discharge temperature
was raised, the inlet temperature to the compressor-drive turbine increased and a
lower drive turbine pressure ratio was sufficient to provide compressor work and
thereby permit a higher power turbine pressure ratio. The influence coefficients for
engine power and SFC are shown in figure 19. The change in power at 80-percent gas
generator speed was 3.1 percent for a 1-percent increase in power turbine discharge
temperature. At the other gas generator speeds the sensitivity was greater. The SFC
reduction at the 80-percent speed point was about 2.2 percent. Again the high and low
gas generator speed points showed extreme sensitivity to any parameter that would im-
prove performance.

CONCLUDING REMARKS

A sensitivity study was conducted to obtain influence coefficients for a number of
the most important component performance and operating parameters for the Upgraded
engine 5-4. Engine 5-4 was on test at the NASA Lewis Research Center when 2 pro-
gram was underway by Chrysler and the government to correct a power shortfall in the
early development engines. Consequently, engine 5-4 was modelled analytically and
the sensitivity study was performed with that model. The appendix is a complete tabu-
lation of all influence coefficients. Some remarks and general observations about some
of the trends are the following:

(1) Performance changes to the compressor or compressor-drive turbine affect the
operating points of the other rotating machines. Improving the efficiency of the com-
pressor shifted the operating point of both the compressor-drive turbine and power tur-
bine. Changes of compressor-drive turbine efficiency affected the operating point of
the compressor and the power turbine. Changes in the power turbine performance did
not have a significant effect on the compressor and compressor-drive turbine operating
points.
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(2) The engine output is most sensitive to compressor inlet temperature, power
turbine discharge temperature, and turbomachinery efficiencies. Variations in power
turbine efficiency affected performance to a lesser degree than did compressor or
compressor-drive efficiency.

(3) Regenerator effectiveness had little effect on engine power but a strong effect
on fuel consumption.

(4) Regenerator pressure drop reduction resulted in an increase in power turbine
pressure ratio, and this resulted in increased engine power. This same trend also
holds for duct piping pressure losses.

(5) All mass flow leaks adversely affected power and specific fuel consumption.
Flow leaks that bypassed both turbines were most serious. Flow leaks bypassing only
one turbine were less serious.

(6) Heat leaks affected fuel consumption, but their effect on output pow;ver was in-
significant.

(7) Engine power and specific fuel consumption were more sensitive to parasitic
losses on the power turbine shaft than on the gas generator shaft.
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APPENDIX - INFLUENCE COEFFICIENTS FOR
CHRYSLER UPGRADED ENGINE

Tabulations of all of the calculated influence coefficients for gas generator speeds

from 50 to 100 percent are included in this appendix.

The use of the influence coefficient is illustrated by the following example.
find the change in power if the compressor efficiency is improved from 0.741 to 0.75 at
80 percent gas generator speed, the influence coefficient for power from the 80 percent

table. For this example it is 1.845:

To

Nga
AH
N AY
H
pref - Y g 845
AN AX
X
Ne, ref
An
- C
AHp =1.845 % Hp, ref X
77c, ref
From the same table,
Me, ref = 0.741
Hp. ref” 24.42 hp (18.21 kW)

0.75 - 0.741 _ o sa7 1y

AH = 1,845 x 24,42 x
b 0.741

The new power is

H =H +
P p, ref

AH = 24.42 hp +0.55 hp = 24.97 hp

15




16

REFERENCES

. Warren, E. L.: Lewis Support of Chrysler Upgraded Engine Program. Highway

Vehicle Systems Contractor Coordinating Meeting, CONF-771037, Dept. of Energy,
Mar. 1978, pp. 143-149.

. Wong, R. Y.: In-House Test Program on Turbomachinery Components at NASA

Lewis Research Center. Highway Vehicle Systems Contractor Coordinating Meet~
ing, CONF-7805102, Dept. of Energy, Sep. 1978, pp. 83-92.

. Roelke, R. J.; and McLallin, K. L.: Cold-Air Performance of the Compressor-

Drive Turbine of the Department of Energy Baseline Automotive Gas-Turbine
Engine. DOE/NASA/1011-78/25, NASA TM-78894, 1978.

. Kofskey, M. G.; and McLallin, K. L.: Cold-Air Performance of Free--Power Tur-

bine Designed for a 112 kW Automotive Gas-Turbine Engine. Part IIL: Effect of
Stator Vane End Clearances on Performance. DOE/NASA/1011-78/29, NASA TM-
78956, 1978.

Fishbach, L. H.; and Caddy, M. J.: NNEP - The Navy NASA Engine Program.
NASA TM X-71857, 1975.

Schmidt, F. W.; and Wagner, C. E.: Baseline Gas Turbine Development Program.
CO0-2749-18, Dept. of Energy, 1977.

—~—



’ .
$00°0- | 100°0- 0 o | €000-[goo00- 0 0 12L2°0- o |z£0'0 0 0 |920°0-| 1000 (T00°0 | 2¥3'0 920 0~ | %08 "0- g0 [mmmwmmmem wo:a\ns
S0% - | 88" TT0°T | 0°'T | 290°T [g00°T 666" |€30° |[289'6 |[szo" $80°- | 90z°- | ¢ez° |gge | 891~ [octr® £18°8 198" | 60901 10" 9°020T gy,
809°0- | 2180 0 0 | 60°0- {6070~ (9¥0°0 | 008°0 | S3°ST-|2€0°0 | IST'0 | gT0'0 | 928’0~ {685 0-| 9%0°0- | 809°0- | 21e°81 |6zs°1-| 19g°21 10°0- 9°20¢ L
3 ‘eamesadwmoay,
0 ] 0 0 0 0 0 0 |ge - 0 0 0 0 0 0 0 | e9z* 0 0°1- 8L Wy
120°0 | 10070 0 0 | €000~ 0 [T00°0- | T00'0-|$92'0~ {T00°0~ [ 8€0°0 | 0T0'0-| 200'0- [ $20'0-| 810°0 | »0o'0~ | ®0z‘0 620°0 10°0- 2L'o Py
M3 ‘sesgsor zamod
800~ | 88%'1-| 600" 0 0 86" |goo'- [¥90°% 0°T |€80" o | yo0°'- |gr0°- 0 0 [ 688'g- | 8¥0p- 0 900" |ezez8” uom:
oot" 8L1" - 0 120" 0 0 [900°- |1l [p00°- 0°'T | 982" | £60°- 0 | T60°- | 120"~ | 23T'g-~ |6¥I'T-|818°T £00° 189" Fu
sdew 26T - | 686~ 0 080" 180" |$00° |1TO" |€6°8 |L00° €99~ 0°T f 960" |8ee’ | 292°- |w90° 106~ | €89°8 £10* 1999 ° ¥y
popeaddn wo' | ger- 0 660" |500°~ [c00°- |6e1°- {2e9°9 (T00°- |g3T’~ | 900" o1 |61z |2~ |er0 vee'- | sL1ve 0" 9602 M:
sdew 910" o | L00° $10° | €T0° 0 [goo'- [seTT 0 0'T [ ¥00°- [ »00'- |g10°'- |o0T0°- 0 o [sve't 800" 9PPs " ¥y
sutqany €8¢°- | €10~ | g00° 920" |gg0" [T1T0° L10° |9v¥z 970" 668~ 0T | 0v0" 662" |82z [6S0° sl - [ 999°¢ 0T0"  |epewL” ¥y
pareog 18270~ | T1°0- 0 0 | Y3070 [S00°0- {€00°0 |SIT°0~|TpL'2 [8T0°0 | 9.0°0~| ¥ET°0 0°T [892°0 | 8T2°0-|990°0 SLE'0-| 9%°2 110°0 | 9¢zL0 u
Aouarorya
O x) /P4 /69) ustorgeco souenpyuy
69810 _ 1°1ey _w.zi _ m.oui_«.wﬁz _m.«mﬁ _ ¥°v96 _ L8g¢ _Smo.o Tamwm.o_%:m ‘0 n«nﬂ.o_smﬁ.o _ 1601°T _ 254_334 _ 8¥8F' L 9Z°'¢ _ 81°2
PIsg
b b p:§ 3 X . 4 Ty-mN/By | ayBy|geu) my
9%y | BBy | 08y | BTy | STy | WTTp b 8y [Ug oo | Bex, Wy | 9y By | Wy | ®uq | %ua ‘548 “qong | ‘xamog
P8 p3s,
8UOWWOY 4 X /X9 x X
wdx 030 61 .u&Z ‘pasde aurqam zemod fwidx 0oz 6z ‘gusorad gg ‘DN ‘peads zoreaousd sen (v)
ANIONT AIAVHOAN YITSAYHO YOI SLNIATOIIITOO TONINTINT
r i .' -
) .

17




o
‘T '8y woaj pautsiqo oq Avwm mwn—d>n_
: *$1 “81J WO} PoUTEIQO oG AT SonTEA
3
£00°0- | 1000~ 0 0 |e00'0- | €00°0~ 0 o [esTo- 0 | 6500 0 [100°0 |1g0'0-|200°0 |T000 | @Z¥I'0 |¥z0°0-| 8LT°0- g0 | —m=m---- 34(d /dv)
Tep' - |60€° | 600°T | 0T |gv0'T | 986" 266° 920" [ 660°¢ |630° [ 699'- | 98T°- |e6s8T" [ A Rt A R 086°2- |Ll2L° |618°¢ 10" 90201 owh
$0.°0- |gLb 0 0 0 98070~ |680°0~ | 250°0 042'0 | £88'%- [9%0%0 | 2171 | st0'0 | 892°0- | 83L70- o lsviio- | g8€'v | 009°T-| 853°9- 10'0- 9°208 ]
. 3 ‘eamsradwa],
o |T00- | 900" o | o900 180" 0 0 0 [ 0o | 820°- 200"~ 22
£00° 0 900" 0 £20° 800" T00°- | £00°- | 200" 120"~ 110"~ 8T
0 |t00°- 500"~ [ ¥e0° 0 0 [ 0 o | ego’- 100°- eT
0 |t00- 0 0 o |¥g0° o | 100" 0 0 0 o | ego°- 200°- 1 a4
0 [gt0°0 0 0 0 0 [T00°0 [6TO°0 | €000 0 0 0 0 0 0 o | £00°0- |£00°0- 0 H @ L
10Np 9801 188
[ION 0 100"~ 0 180~ o | ero® |2o0°- |%00-- ! 200°- [goo* |eoo-- | ego- 100°- | 8g0°- Ve -8
200" 810" % 900 50"~ 0 | 110 [200°- fz0o0'~ [%00°- [goo® |[zoo'- | gbo- ¥e0° | 800"~ 88 «-0F -
0 0 0 €10~ 0 | %00°- 0 0 0 0 o | st0° 200°~ | 8T0°~ 08 + 81
010" 0 0 100" 0 120"~ |100°- | LT0° {200°- |goo'- | 200°- o0 |so0"- | 9z0° 200" | o0zo-- 63 « €1
010" o | 100" - 0 | 100~ ¥%0°- 100"~ | $T0" [goo - | %00 - $00° | €00°- | 2W0° g00° | 680°- 1€ - 3T
: o |et0” [ 0 ] 0 10"~ | 100" 0 0 [ 0 0 120" 820° | 200 82 « L
: o |zt0° [ o | 900" 0 920"~ 100" | T00'- 0 0 0 o | 9z0° 820" | £00° 13 +9
010" 110" 0 |900°- 690~ 0 {&t0° [goo'- [v00'- |[200°- |€00" |[g€00°- | 90" 620" | L80°- L %€ «§
: 010°0 [800°0- 0 o |Tt000- 0 0 0 |980°0- 0 | €10°0 | 200°0- | ¥00°0- | 400°0- [ %00°0 | €00'0- | ¥€0'0 | T00°0-| 9€0°0- 0't-| (@ g8 «¥ i
3\&&23 ‘gxea] MoLq
d
0 0 0 0 0 0 0 o o1z ) 0 0 0 0 0 o | pare 0 0°T- 9T'T so<
L1070 | T00°0 0 0 |[t00'0- T00°0 | T00°0~(100°0- | 2¥1°0~|T00°0-} 200°'0 | €00°0- [ 900°0- | 1070~ | €200 | #00°0- | ¥2T'0 |g20°0 | €YY 0~ 1070~ £0°T Py i
MY ‘998801 Jamod i
) . . . . . . Boxy, i
€00°~ 1 81E°T- 0 o |o- o | so0oe T | 8L0° o [900°- |gz0° 0 o | s86°'3- |¥ar'e- 100 £0806 " i
a 2€T” 160" ‘0 | 9z0° 0 |sTo"- |682'T 0 0'T |6ve° | evo' - |g¥0' |621°- |eso - | sge'1- | Lgz” 200° 86%9 .o: i
Mm_wa 862~ £60° 150° 600" (cTo° | <¥8'g |Tr0° | 886°- 0T |g60° 8% | g9g°- | 880" 9LL'g- |980° £T0" %60L° o.. |
pepEL3an 680"~ w0 | 600°- |g00°- [s81°~ | w8°z [100°- | 2v0’- | €00 0T |90g" |[seer- | 120 28L°z- | oTr - o° 8ggL’ o
sdew 010" 0z0° | 6T0° 0 {200~ | 656" 0 0°T | 800"~ | 200~ 0 |600°- o | o't~ jerr 800° [62£09° 3:
B () yez - | L00°~ w0 | ¥0° oTo" |gTo® | T188°T |8T0" | £g0°T-| o'T |g80° |gev' |oge'- | 080" 206 T~ 0 110* 08EvL” on
paTEos 852°0- | 0¥T°0- 0 0 | T50°0 | 800°0- | 0T0'0 |T9T°0-|881°2 }020°0 | €88'0~| €220 |000°T |[9z%°0 |.86°0-)|280'0 | SPI'z- |6T8°0- 210°0 | 2663L°0 b
Aouatormd
Ame /%) \Agmm /A) “JUs1o13000 souanIUl
28920 _ ¥°09% _N.ﬁz _ 9°030T ‘ 9 ¥HOT _ 9°%21T _N.wma _ L'6LE _ Nge.c_nemg.o_asow .o_ommi.o_saﬁ.c _ 86911 _ hzv.ﬁ_%?; _ 6688°0 _ 68'% ﬁ £9°9
PIsg
omm%i 3t 3 31 3 3 31 3 s ; 4 " Ig-MABH [ 1y/By| Gou) MY
T8, |97 | ey | 02y | 6Ty | STy |l 8g [PUgaq( BTy Wy, 2, oy | Yyg | Yua | Pua s qong | ‘aemod
Bjusw@wo) £ gmx\x< 3mx 3

wdx 0g9 61 .uaz ‘paads aujqam) Jomod ‘widx poT ¢¢ ‘usdled o9 .UOZ ‘peads 1ojBasuad sEH (Q)

18




19

200°0- | 100°0~ 0 o |coo‘o-| %000 o o [9g170- 0 |sg0°0 0 [1000 |sgor0-|g000 |100°0 | 2370 | 9200~ g0~ | === 894 ag)
seh - (U420 £€00°T 0T ¥50°T | 296° 186 ° 820" 980°% | SE0° 910°1- { 010"~ 9¥1” 209° g%~ |6L1° 00°%- ¥99° SeL’e 10° 9°0301 oNH
¥6L0- | 63970 0 0 QoL 0-| 96070~ | ¥90°0 |TEL°0 [ 19673~ | €90°0 59870 T100°0 89170~ | ¥18°0~ | ¥90°0 |658°0~ 016°2 289 °T~| 9499~ T0°0- 9°%0¢8 AH
3 ‘eamerodmat
0 0 0 0 0 0 0 o {181~ 0 0 0 0 0 [ 0 TeT" 0| 0ST°- 0°1- 18°1 un<
80070 ] 0 0 €000~ | T00'0 0 |100°0 |S0T°0~{ T00°0- | ¥0°0 800°0- | 200°0~ | 62070~ | €20°0 | €00°0~ S60°0 L10°0 | 08070~ T0°0- [ 200 uo<
MY ‘Se880] Jemod
4] 691°1- 900~ 0 8¥5 " 0 |89¢°2 0°T |150° 200"~ 00"~ L80°- L0* 0 84872 §2v°2~| 280"~ 800" 632£68° Mw“#
¥30° 200" 880" 920" 0 [go0°- [S06° 0 0°T 1S5L0° €00 '~ ¥10°- | S¥0°~ | 800"~ 996 "~ 081" £9T°1 900" 819" ¥y
sdew 917 £€00° 090" €60 ° ¥00° 010" LLL'T | 600° 188"~ o't €50 " 165" 08% - 1690° L9L°1- €8T’ 686 °T 910" g9gL” Py
popexddn 960"~ | 291"~ €90 | 810°- |Tr0°- |62z'- |zLi'g |To0'- |eso’ |sTo°- o't |ser [ozp- | w0 81°z- | zer’- | 950z 10" | guEL’ °u
gdem 200" 200" 620" 920" 0 0 {0T0°'T 0 0°1 200"~ 0 0 L10°- 0 86~ PLT 991°1 100" 8089 ° unr
auyqany 0LT - 100°- 190" 090" 110 210" 288°1T | ¥10° 58" 0T 630" 968 ° ¥8% "~ | 890° 06L°T- 221" 061 $010° a8LEL” Py
poreds 98170~ | OLT 0~ 0 0 25070 L1070~ o |212°0-|2e6°T |STOT0 |%%9°0- | 8YI'O 000°'T 66%'0 [ SLFO-| 29070 966 "1~ 12270~ 8uL°1 SIT0°0 | 9686L°0 oy
Kouatouya
Ame /%) \AEmm /AV) “juatolzeod aduanpIuL
150870 _ 2'i6% _w.mﬁoﬁ — 9°0201 _ T°g80T — 07811 _ 6186 _ n.mo«;mNNA.o _mwmmm.o cmonw.o_mmbmh.o_ 968€L°0 _ £0VC°T _mhmm.a — wetl'e _ T6L9°0 _ 91" L _ 501
PIsg
uoﬂ\mx 3 3 b h:! b bt 3 o1 " 4 g o Iy-p/By | 1u/39 fhen) M3
«T o .wNH .mN,H .oN,H .mﬁ,ﬁ .mak .aa,w .a.ﬁ uwchhw 8y, 3, Py Dy 3 ud 3 vd ommn.N ‘0ds ‘rong | ‘zomod
s
SjueWwmo) £ me\xd P8y x
wdx ¢Z1 2 ;QZ ‘poads aujqany Jomod ‘wmdx ogg 0F ‘juediad gL .UOZ ‘paads 10jaowmald sen ()




‘6T 'Sy WOIJ pauTelqo oq v SenfeA
‘BT *S13 Woay paute;qo aq Aew SaNTRA

q

Jox
1000~ | 1000~ [ o | 900°0~| 0070~ 0 0 | 1810~ 0 |9z0-0 0 0 {800~ |%000 |T00°0 | ¥2I'0 820°0-] 2910~ g0~ |-mmmmmmmem (d/dv)
ser- | Le8” 800°T| 0'T |g80°T |c.6° |Su6° |1g0" | €90’z |wo° |og0°1- |z22° 2IT° |om6"  |9u9'- |®8T° 862~ |64L° |¥90°¢ 10" 00201 0%y,
996 °0-| 8¥g'0 0 0 | 28170~ | 93170~ | 88070 | 19970 | 90¥°2-|660°0 |SLi'0 [80070- |T1gT-0- | 89071~ 10070 |evo'i- | #3o-g $88°1-| 126°%~ | T0°0- 9°20¢ Tz
‘aameaadwag,
o | 200" 900" 0 |s00° 610" 0 0 0 0 o | 6To'~ 020"~ | 100"~ 44
200" 0 €00~ 0 sT0° 800" 100°- | %00°- |g00° T00°- | ¥T0°- €20~ | 600"~ 81T
0 0 [\ £20° 0 0 0 0 0 | €30°- £30°~ 0 sT
0 0 0 0 o | €20° 0 0 0 0 0 | €20~ [¥g0'- | To0'- 1 A
0 ] 110°0 0 0 0 ‘0 |to0'0 |910%0 | £00*0 0 0 0 0 0 0 0 | €00°0~ |£00°0~| 1000 14 @ L
3onp ss0] JeOH
800" 0 100"~ 0 0 | 100"~ | 830"~ o |eo0r |100°- |z00°- g0’ |eoo'~ | rzo° £00°- | 150°- ¥E -8
900" | 600" o |sgo00° 0 o | Lo - 0 |800" |to0"- |T00'- |900°- |zo00° L20° 120" | 900"~ 8¢ « 0F
0 0 0 0 0 o |st0°- o |soo- 0 0 [ 0 o | yi0° 200"~ | L10°~ 0% - 81
100" 0 0 T00°~ | 100" 0 |T100°- | 6T0°~ |[100°- |sgT0° 200°- {6007~ {€00" 810" $00° | ¥T0°- 62 + €T
800" o | Too - 100°- 0 [100°- |t00°- | geo - {100°- 600" 200°- 1600°~ |coo" 160" 100 | 1RO 1§ « g1
o | 600" 0 0 |100° 0 | 910"~ |100° 0 0 0 0 0 o | 910" 1T0° | 1007~ 82 « L
o | 600" 0 {900° 0 o |st0" 100" [T00°- 0 o | 100" 0 0 | sT0° Lt | 200° 189
800" | 200° 100"~ o {soo"- | 100"~ | 9v0° 0 |800" [To0" 200"~ [600'~ [g00" »50° sT0" | 0go - 26 «
800°0 | 2000~ 0 o | 150°0- 0 0 | T00'0-| 9300 0 (52070 |T00°0- |200'0-|600°0-]500'0 |€00'0-| 9200 €00°0~{ 6200~ 01T (®) g6 - b
3\%33 ‘syeal molg
d
0 ) [ 0 0 0 0 o | 9z1" 0 0 0 0 0 0 o | zire 0 |9g1°- 0'1- 123 Yy
2,
$00°0 0 0 0 | €00°0-| 1000 0 0 |6200- 0 |120°0 |£00°0- |100°0-| 220°0-|€20°0 |200'0-| €200 800°0 | 0070~ 0°1- €8°1 Py
MY '99880] Iamod
E
.200° | 900°T-| S00° 0 [ ACN o|sLLt T |0 JToo'- [£00°- |8e0’~ |900° {p00°- | wsy1- |e871-| gETe- £¥9.8° m“:
sdvw 800" - 0 o' |eg0- [ o[ L10°T |200° 0t |zt 0 0 |90t~ 0o | 196°- I | 9sT'T 899" uoc
s 621"~ 0 0 80" | 090" [900° |600° | ¥9°'T |gT0- |os8'- 0T |sgo” | %9." |8e9'~ |sgor £59°T- | Tog® | 1881 syL” uo:
papRIscn 660"~ | g61°- 0 8.0° |6t0°- [900°- | 222"~ | €90°z |00 898"~ lze1 01 foert  |esa- |90 610°3- | ¥¥1°- | $16°T e M
sdew 800°- | £00° €00° 190" | 190" 0 |T00" | TOO'T [T00" T [Too'- |e0o’ |sT0" | 120°- |%00° ¥I0°T- |2l |61t 859" gu:
auiqIny 631°= | 200"~ | go00° €80° |620° [900° 600" | 0821 Jetor |ets- 0% fvgo |voL | w9~ |sco- ovL'T- |61z | 900°g spL” uup
patedg 880°0-| 661 °0- 0 0 | €0 |etor0-|210°0-| L2270~} 686°T |600°0 |ogL0- |g20%0 0°'T [969°0- 9650~ 8800 | ¥6°T- |[161°0-|cp8'T 10°0 wLo u
Adustomd
P¥x/xv) /055 /4v) wI013000 ouanyuy
m?m.o_ 2928 T:«::_ o.omﬁ_ 171901 _ 8 F61T _ 6°C¥6 _ N.S«_ omﬂ,o_ﬁﬁm.o_«msw.o _m%ﬁ.o_ 9.0 _ommm.ﬁ _ 8£8L°T _mw%.w _ 0.8°0 _ mn.ﬁ_ 13°81
msg
098 /83 3 3 s 3 bl 3 3 s . & “ Ty-mA/3% | 34,83 |08U) a3
T | 98y | g8y | 05y | 6T LT ATy | 6y (eug | Se1, ¥, LE L 4d | Pyq | %uq 548 tong | ‘zomod
SJUBWmOY £ P8y o PI%y x

wdx 998 og .uaz ‘paads smqang Jamod ‘wmdr gog 9% ‘jusdiad 08 .OOZ ‘paads 10jeasuas8 sen (p)

20




21

g1 *S1J WOy pauTeIqo aq AvwW SonleA

q
‘$1 ‘87 moIy peuteiqo aq Lew SaNfEA,
0 T00°0- 0 0 800 70— |200°0- 0 0 | ¥21°0- 0 {22070 0 0 |090°0- [900°0 0 FAS ) 620°0-| 981°0~ G°0= |mmmmmmmm—— wmua\mﬂv
0Lz~ | 388" 800°'T 0'T 8111 086 " 866 £9%0° Wy'e 0g0° 60L°- | 580" 80T~ 080°T [6SL°~ {1€C° 9€€°%- 360°T | §S¥'¢€ T0° 9°0201 oNH
860~ | ¥1€°0 0 0 091°0- |SET°0- [960°0 6€9°0 | $9S°g~| IIT°0 | T86°0 | 300'0~| €¥0 0~ |$LI°T~ |6GT°0 |SS0'T~ €992 LL8 T~ | SC¥ - 10°0- 97208 A,H
3 ‘oanjeisdmag,
0 |200° 900" 0 0 [900° 9T0” 0 0 0 0 0 St0 - L10°- | 100°- b4
00" 0 T00°- |S00°- 0 110" 500" T00°~ [S00°- |600° T00 - 110"~ 0%0°- | 600° 81
0 0 0 S00°- 0 610" [ 0 0 0 0 610°~ 610"~ 0 o1
[ [} 0 0 0 0 | 020° 0 0 0 0 0 610°- 020°- | T00°- 1 It
o |o10°0 [} 0 0 0 [100°0 [STO'0 | €00°0 [ 4 0 0 0 0 0 £00°0- [£00°0-{ T00°0- g @ L
jonp 880} JBSY
900" T00°- 0 T00°- 0 0 T00" L30°~ 0 | 600° 0 00~ gT0"- |900" 20" 900"~ e -8
¥00° 800" 0 1007~ |S00° 0 T00°- | 30"~ T00" 800" T00°- 800°- |g00° v20° 10° 010"~ 8E < 0¢
0 0 100° 1] 0 100" 0 [ e10°~ 0| $00°~ 0 0 0 o €el0” €00°- | 9T0 "~ 08 - 81
G00° 0 [ 100"~ 100" 0 T00°- | 6T0 "~ T00°- | gT0° T00°- 210"~ |S00° 00"~ 810" T00° 810"~ 6% < €1
900" [ 100"~ T00°- 0 |T00°- T00°- | 80"~ T00°~ | 800" 210"~ |900° S00°~ 0g0° %00°~ | peO"- 1€ 34T
0 800" 0 0 ‘0 {T100° 0 310"~ 100° [ 0 (1] [ Al £10° 100" 8% -~ L
[ 800" ) 0 |900° T00° 0 T10°- 100° 0 T100° 0 110" £10” 200" L%+ 9
900" G600 " S00°- 100~ 0 |so0"- T00°~ | 130"~ 0| 800° 00~ |g10°- (900" 680" 800" €80 28 -G
900°0 €000~ 4] 0 T00 "0~ 0 0 T00°0-| $§30°0- 0| 800°0 0 0070~ | TI0'0- |900°0 §20°0 900°0-{ 2800~ 0°T- (@) e -V
3\%23 ‘SyBa MOLT
0 0 0 0 0 0 0 0| ¥60° - 0 ] 0 [1] 0 0 0 980° 0 | ¥60°0- 0°1- 18°¢ a&d«
100°0 0 0 0 £00 0~ 0 0 0 | ¥90°0 0| T20°0 | 300°0-]| TO0'0- | 22070~ | £30°0 T00°0- 090°0 ¥00°'0 | 650°0- 1070~ 4 34 eo.«..
MY ‘88SS0] Jomod
800" o588~ 4] 800°- |800°- le£8%° 0| ¥82°T 0°T | 880° T00°- | €00°'- 16L0°~ |[LI0" %87 1~ YL 1-| 061°- 210" 15968 ° mmu:
g 0 050" 0 380 ° 2 0 $00° 6L8° S00° 01 801" 800" Ep0°- |9TT°- |6T0° 8- 91" y10°1 00" 1269 " un:
M.MME 080"~ | €10 ¥00° 1% 960" 0 200" 116 °T 200°- | £18°- 0°'T 110° €86 " 158 ~ |8T0° L188°1- vie" LL3°8 sT0° T0%L" Py
peprracn so1°- | eT3°- 680" |620°'~ |[zz0°- |6ze’- | ¥¥6°T | 100" 10° 0t fo9gr  |tia- fave- 198°1- |ogt- | egz1 | 1v0° T88L" M:
sdew 0 850" 180" 800° £00° 086 ° £00° 300~ | $00° 0 |[se0'- |600° 106 "~ €1g” 6¥1°1 00" ¥2569 ° Fu
aurqIng 010" $01° 160 ° 900° 800" ¥59°1 010 01 220" 166 ° 188"~ | 680" 919°1- 88%" 686°T 600" BLEe L ¥y
pateds 080°0-| 8330~ 0 0 T60°0 [620°0~ | 100~ | SE€°0~| ¥E€8°'T T10°0 | 818°0~| 8500 0°t 158°0 [SPL'0- | €20°0 9LL' T~ 89T°0-| 699°'T 110°0 99L8L°0 %
Aoustorga
Ame\xS \Agma /AV) ‘“Justoyyzacd asusniyur
8TLY0 _ 4998 _ £ 7101 * 9°0%0T _ 180T _ 8°8BECT _ 1°6£6 _ 6 V9V _«BA ‘0 _Smmm.o_wmmmw\_mhmmb ol_wmhnb.o * L607°1 _ £€980°2 _wmﬁw.m _ 0L6%°0 _ we.mﬁ_ $E°0¢
[0
o0s /8y 51 S it p b it b 01 4 4 J TY-pM3/34 | Jy Ay [0eu) My
.ﬁmﬁ .mNH .mNH ,ONH .ma,ﬁ .mah .J:,H ,a,ﬁ awchhm oL, y, 39y Py 3 ad aumnm omnm ‘048 “ond | ‘zemoq
SJUDWWOYH & me\xd me X
d
wdi 039 gg 4 N ‘poads sujqam xomod ‘mdx ggg gg ‘yusoasd 06 .QQZ ‘poads 10je19uad sBH ()




8ax
0 T00 0~ 0 0 «10°0- | 0TD 0~ 0 0 01570~ 0] 0¥0°0 | £00°0-[ 10070~ |¥80°0~ | ¥IO'O 10070 16170 TF0°0-| 9¢g°0- ¢~ “mTm - (d/dv)
d,
¢ 0 0 Q 0 0 Q 0 180" 0 0 0 0 0 Q 0 080" - 0 280"~ 01— 18°% ? v
3
0 0 0 0 €000~ #0070~ [} 0 BET 0 0fee0’0 | 2T10°0-] 10070~ |ST0°0- | 8e0'0 0 8F1°0 0100~ £81°0~ T0°0- €8°¢g 3 A4
MY ‘s9550[ 1amod
3ax
007 szl - 00" * ci0°- 010 ST 0 JAG 0°T| g0 900" 007 1&11°- 080" 900"~ 016 "= ¥eeTI- €10 cEry8” mr
sdew sT10° 0 0 _ 990" 0g0° [ €007~ 169071 200" 01 800" 150" z80° 990~ £e0° 8501~ (603" 92071 200" eeeeL” Fu
o
aurgany 8c0 "~ 100° 0 81" Tet” §00° 010" $80 ¢ 00" ioT°1- 0°T |880°- |€PE°T 820°1~ | 210"~ 9¢6 °¢~ Yeg” 09° 810" TEPSL”® M u
o
poreog 8c170- | 16270~ o 0 [l £¥0°0 | 9070~ | FTFT0-| 20L’Y L1070 | L8F 71| 6%1 70 0°T |689°T 8LF°1- | £60°0~ eeT'¥~ ]90T°0 | 00F'F 600°0 76589 ° u
Soustorry
Fvumx\y4v>§m>.\>.ﬂ ‘JUa1d1))a00 dauanyul
SI¥E 0 _ ¢ H09 |GeI01 _ u.owoa~ 97201 — 87893 87866 * 17g0e mwwa.c_mni.m.o £G6CL°0 mmd.n.w.o_:”mmc.o—amfm.a _ A<t 189L°¢ _ €99¢°0 — mo‘maﬂ 18°2¢
s
oas /4 N N N N M " Ty-a/BY | 2/ | 0au) MY
T Ea 0% BT LT | ary W] %0 i, 19y, oy 118 | Pug 24d ‘348 “qang | ‘aomoq
SIUIWWO A EmZ\ﬁ PISy b4
wda geg i LQZ ‘paads ourqan) Jomod ‘wida gog 8s ‘3uaddod Qo1 ,UOZ ‘poods aojeaouod sen (8)
. . A I ud._E dv)
0 T00°0~ 0 0 1 600°0-| L0070~ 0 0 8170 01 Ls0°0 0 0 £50°0- {90070 0 €170 0e6°0- co- e /
. . . 0z
817 08" c00°'T 0°T 169571 8801 116 ° 1z0° 619°¢ 6107 861 - Ut it $08°T 8¢g 1 |toe” qeLTe- ¥6C 1 T0 970501 H._.
B6 "0~ | €8%°0 0 0 I8T°0~ [ €91°0~ | 68070 89¢°0 66 £60°0 | cce 0 €200~ { 82170 ZE1"1- | 00170 195071 ooty 966 1- J LTy~ 1070 9750t L
N ‘oanjurodwo],
- . . d,
0 0 0 0 0 Q 0 0 80" - 0 ] 0 [ 0 0 0 810" 0 T80 0°1- v'e ¢o<
[ Q 0 0 | €0070~ 0 0 0 19070~ 0] ve00 £00°0- | T00°0- | TT0"0~ [ 4300 0 Q9070 €000 0900~ 1070~ 6C°¢ v
ALY ‘sossol damod
Joa
0 8007 - 700~ 0'T| 007 100~ S00°- %80~ [6T0° $00° - 6T T~ PP Z10° ,:._r
[ 0 $L0° £eo” 00" 01 690° 920" 690~ 607 |9€0° 08L"- CrT €6 €00 " uu:
sdew 9r0 " - [ately A ¢ 4 0] 89~ 0°t 010° €981 0c0"T- {020 981 ¢~ 68" et 610" u:.
poprazdy 90T~ |¢sg - g3l | 2107 z o} sror- | stor o1 |oers jeos- |rvor 089°2- |80~ €9 o Ep
sdew 0 £I0° o 6eo” 1 Q 0°1 0 oto” 0 3 5t Ad 910" 8167~ 11t cyT'T 100" [P S ao:.
autq.ny 190~ 0 (U2 ¥01° T 800" JA 200 o 01 900"~ Ter'1 6c6°~ |900° [ AR ore” [t 600" . or
pateas 81070~ | 6%¢"0~ a 0 {00170 FE0T0- 1 11070} T¢6°0- | 6€0°0 0°T 9%6 "0 £€98°0- 182070~ €86 T~ G810~ | 1¥871 0T0°0 98LTL" u
SouadFA
m&m.‘m\zﬂ \;Em.&c.,ﬂ “JUa101J3200 aoUaNIUL
TEOE 0 _ I ¥se _ o.mﬂoa—o.owoa 07E80T * 87CCET | 87586 _ 0°Z5% | BE81°0 oﬂomm.o‘mwhﬁh.o_wm.hmh.o_wmhAw‘o _ﬂwow.ﬂ ’omhﬁ.mlgﬁﬂﬁm.m‘ 02020 ‘ 8691 8 EE
Pisg
ht b h31 o ! N N S IY-ANAH | By |Geu)
R 95, | g5y | 0By | 617 €T )Ty by PO iy, Eo da, Wyg | Pgq Md 518 ‘ong | “1amod
1S,
SIUDWOY N P X AT
wdl geg ge .ﬁ% ‘paads surqany Iawod ‘wda ¢e cc quodaad cg .O.U.A ‘pasds iojeisuad sen (J)

22




I

*3p02 Jayndwod weabold auibul ySYN-AreN yym asn Joj auibua pape.bdn 181sA4y7 10} weabetp yoig - T aanbi4

yed abeyes| ey —- -— » »
yied abeyesj se9 — — — . L .
Mo|y seb Aewtyd ——— _ 12 YeUS — 82 peo] i
abeyuy| yeys bunejoy ) . '
| fr—= 1
N 6 Jabueyn
an = on =1 — —
i Lng 1 81100 ol 61 mEE:.—q 02 1nq 7 ¢ 1Pna 7 2z g .\ 73 x5 183l 7 £2 Png %3 e 81Zzo0N %
|
[ _ i !
i _ l |
S 2 oy« € |
|||||||||||||||||||||||||||||||||||||| [ f
(3 ' | | €|
: _ _ |
» e ey [ [ [
' [4 _ o | | |
| bE 8
| | : | | i |
of Ui . pL 4onp) " oo || svenRll | oo nd | opng | oepng - ciong 1 | caos| | zuome |
L stina [t g [pr] €PN xoyeay |OL| UL AIEM 1 £wna 7 9N i 06N g SN [ VNG 5 g ey [ £ |-l alem (2| L
_ I [
L T T T T "%~ {
U J
& HeYS 9z peo]

23




‘aanjeladwa) 2&.286
aurqny Jamod juejsuod “panoadwit st Aousidlye Jossaaduwiod
uaym sjutod burjesado Jo Jiys buimoys sdew aulginl - °¢ aJnbi4

" qjum> ‘Jajeweted ssew paads

Buiseatoul @»\z

-

bti1seatou
0heJ 84Nssaud

oljeJ a4nssasd
JuRISu0d

Pajuy
‘yJom 21j108ds aulgany Jamod

guv
“440M 21j123ds 3U}gIn} aA1IP-10sS3IdW0)

‘aoueuroysad pa)oipaid pue eyep 1s8) sutbua Uaamlaq UOKE|8.1I0D puimoys dew auibu3 - -z 3nbiy

wda ‘paads yeysdod

OSmSQNSNNSwﬁoSHoSﬁSoo
_ | _ _ | _
omiu\.l [
— P
09 /
—9
\ —8
0L

/ —o

— 21

— ¥l

— 91

sjulod asay} je pawsopad —ar

Suoje|NaieY ANAISURS W
uonoipasd |eanhleuy 7
p-¢ auibus —0e
‘eyep 153} Jayskayy O ]

p-¢ autbua a

‘ejep 158} sl O w2

— %
— 8
J L
676 —z

00T~
66 —pe
juaoJad
‘paads

J0jel3uab se9

‘1amod yndyng

M

91

ve

43

9%

el

dy ‘Jamod Jnding

24




‘Kouaioiye Jossaud 7

-W0J paAosdw 40} SJLBINIYB0I 3DUBN|jUl Lol
-dwnsuod jany ayyioeds pue Jamod - ‘¢ anbi4
1usn4ad ‘pasds Jojessuab seg
001 06 08 0/ 09 0s
[ 1T T 1 0

O
8¢

O
9
8
I 1 k
7
papesbdn v 9
psjeas O
sdew
aulgqanj 4
o]

l
-
(3479 Pug) [ B4 )

334 %u Puy) B 94519459)

(4 oLE81) X 1201 ‘a4njessdwa) abaeydsip auiquny semod ‘wdi 0€0 0¢ ‘pasds

aulqany Jamod “uadsed g ‘wdi gog 9% ‘paads sojesausb seg -uondwns
-U02 [8ny J1y198ds pue tamod uo Aaualdnyje J0ssadwod 40198413 - p aunbry

2 *Kousioiye Jossardwo)
B 6 8w w4 w g

_ [ _ [ _ _ st
— <
o
—6 &
=4
— %
E
1% =z,

L
|

|4

_ ] _ [ [ & T
—og &

&
|Nm. ml mw.
Z
3

—rs B
S—os
—% &
=
g T

dy ‘semod Jndyngp

Ju/du/tuql ‘uondwnsuod jany azads

25




*Koudlolye aulgany aALIp-Jossaadwod
paAoduws Joj SJUB114a0d 3dusn|ul Lol
~dwinsuod |an} o110ads pue Jamod - L 2.nb14

yuaosad ‘paads 10je19u3b se9 ,
001 06 08 0L 09 .08

1 I _ _ 0
e} —1¢ B
o 3
v 4, 3
=
>
y &
g
g =
4
—ot
1 | I 6
Y-
Nl
papesbin ¥ B
paieds O o S
sdew m
sulqan] 2
=
[
&
&
o)

(8 ol€8T) % 1201 ‘2umesaduia) ableyd

-sIp auygany Jamod wdl ggo 0 ‘paads auiqny Jamod ‘yuadJad 08

‘wda gog 9y ‘peads Jojesauab seg “uondwnsuod jan} nj108ds pue
1amod uo Aauaidiye aulgqin) aA1P-40SS34dW0D 40 13343 - 9 24nbi4

8U1QNy 3ALIP-40SSaIduI0D J0 fouaroyn

%’ v’ a8 08 8L 9’

aouaJlajey—"~

—1 61

—

va
— <
o —a
=)
g
B
: &
=
— &
— 6
Z
g 08
2
=
©
. 8148
3
Z
3
=
S o
r-3
.
=
=
e

dy *samod Indin0

Ju/du/mq| ‘yondwnsuod 13N} 21)193d$

26




Specific fuel consumption, ibm/hp/hr

Output power, hp
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Figure 8. - Effect of power turbine efficiency on power and
specific fuel consumption. Gas generator speed, 46 800
rpm, 80 percent; power turbine speed, 30 030 rpm; power 9 | | | | & |
turbine discharge temperature, 1021 K (1837° R). 50 60 70 80 90 100
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Figure 9. - Power and specific fuel consump-
tion influence coefficients for improved
power turbine efficiency.
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Figure 11. - Power and specific fuel consump-
tion influence coefficients for improved re-
generator effectiveness.
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Figure 12, - Effect of regenerator pressure drop on power and specific fuel consumption,
Gas generator speed, 46 800 rpm, 80 percent; power turbine speed, 30 030 rpm; power
turbine discharge temperature, 1021 K (1837° R).
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Figure 13. - Power and specific fuel consump-
tion influence coefficients for reduced regen-
erator pressure drop.
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Figure 14, - Effect of various flow feaks on power.
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Specific fuel consumption, Ibm/hp/hr

O Reference value for bleed fraction
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Figure 15. - Effects of various flow leaks on specific fuel consumption.
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Figure 16, - Effect of various heat leaks on specific fuel consumption and engine power.
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Figure 17. - Power and specific fuel consump-
tion influence coefficients for reductions of
gas generator and power turbine shaft para-
sitic power losses.
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tion influence coefficients for changes of
compressor inlet temperature. Constant
power turbine discharge temperature, 1021 K
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